The PdCl 2 /Fe/I 2 /Py catalytic system (Py -pyridine), reported to be highly active in the reaction of nitrobenzene carbonylation to ethyl phenylcarbamate was studied. The present paper describes the role of catalyst components and its effect on the activity and selectivity of the catalyst. The increase in the amount of PdCl 2 in the system while retaining a constant level of the other catalyst components, results in the increase of both carbamate and aniline yields. The increase in the amount of iron while retaining the other components constant, initially causes an increase in the carbamate yield; however, at Fe : Pd ratios higher than 36, the carbamate yield remains constant. The change in the amount of iron has no effect on the amount of aniline formed in the system. An increase in the amount of iodine in the system while retaining the other components constant, results in a decrease in carbamate yield and a considerable increase in the aniline yield of the reaction products.
Introduction
The carbonylation of nitrobenzene to form carbamates in the presence of carbon monoxide [reaction (1) ] has been the focus of intensive studies since the 1970's. This reaction requires a catalyst. The applied catalysts have been already described in three detailed reviews [1] [2] [3] . A thorough account on the use of palladium catalysts is given by Ragaini and Cenini [2] . In the 1970's and early 1980's, catalysts were mainly described in patents.
Since the late 1980's papers regarding the mechanism of carbonylation and catalyst activity have been published. The catalysts mostly used are salts or complexes of rhodium [4, 5] ruthenium [6, 7] and palladium [8] [9] [10] as well as selenium [11] and sulfur [12, 13] .
P hN O 2 + 3CO + EtOH → P hN HC(O)OEt
Ragaini and Cenini [2] divided catalysts into three groups. The first one consists of palladium salts and redox cocatalysts which are metal compounds of varying valences. Salts of Cu, Fe, Ag and heteropoly acids like H 3 PMo 12 O 40 are the most frequently used cocatalysts, which are able to oxidize Pd In recent years, the authors have been involved in the study of PdCl 2 /Fe/I 2 /Py catalyst, which is a typical two-component catalyst system. It consists of PdCl 2 and an original redox cocatalyst: a mixture of Fe/I 2 and pyridine, a tertiary amine.
In a previous paper [14] the authors described the influence of pyridine concentration and the type of iodine compounds on the yield and selectivity of carbonylation. Molecular iodine was found to be the most active component. The influence of pressure and temperature on catalyst performance (yield and selectivity of the reaction) was also studied.
In two recent papers [15, 16] the authors have described the various transformations which have taken place during the carbonylation of nitrobenzene in the presence of the PdCl 2 /Fe/I 2 /Py catalyst system and have proposed intermediate palladium complexes formed in this reaction. Now the authors present preliminary results regarding the role of various catalyst system components.
Experimental

Materials
All procedures were carried out using standard Schlenk techniques under oxygen-free argon. Ethanol was distilled from CaH 2 (5 g/dm 3 ), aniline and pyridine from KOH. Nitrobenzene was purified by shaking it with 10 % sulfuric acid, rinsing with water and drying with Na 2 SO 4 , followed by distillation under argon. PdCl 2 , iodine, iron powder and iron wire were purchased from POCh Poland and used as received. Carbon monoxide with a purity of 99.9 % was purchased from Multax and used as received.
Reaction procedure
Reactions were conducted in a 200-ml stainless-steel autoclave equipped with a magnetic stirrer, under water-and oxygen-free conditions. The autoclave was heated to 120 o C for 3 hours and cooled to room temperature. Then the PdCl 2 catalyst (0.01 g, 0.056 mmol) and Fe powder co-catalyst (0.15 g, 2.68 mmol) were placed into the autoclave which was evacuated and subsequently filled with purified argon. Then, under an argon stream, 0.03 g (0.12 mmol) of iodine, 0.5 g (6.2 mmol) of pyridine, 10 g of nitrobenzene, and 20 ml of ethanol as the solvent and reagent were introduced. Carbon monoxide (4 MPa) was added directly from a cylinder. Then the autoclave was sealed and placed in an oil bath preheated to 180 o C. Upon completion of the reaction, the autoclave was cooled in a water bath, vented, and a liquid sample of the reaction mixture was taken for further analysis. The yield of the reaction was calculated from the GC data, using a Hewlett-Packard HP 6890 gas chromatograph equipped with a flame ionization detector and HP-5 capillary column (30.0 mm x 320 mm x 0.25 mm).
Oxidation state of iron was determined by polarographic analysis on a Radelcis apparatus (Hungary).
Results
In order to determine the influence of changes in relative molar ratios of studied catalyst components on nitrobenzene carbonylation, several reactions were conducted over the catalytic system PdCl 2 /Fe/I 2 /Py while varying the ratio of components. The results are depicted in Tables 1-4 In order to evaluate the influence of the catalyst composition on nitrobenzene carbonylation more easily, the reaction time was decreased from 120 min to 45 min, and the catalyst concentration was reduced as well. The authors expected to achieve greater differences in reaction yields and activities for various catalyst compositions under these conditions. Naturally, high reaction yields close to 100 % were expected to decrease as a result of these changes.
The effect of palladium
The results of nitrobenzene carbonylation over the PdCl 2 /Fe/I 2 /Py catalytic system, when varying only palladium amount are shown in Table 1 .
The results of the standard reaction are shown as a comparison ( The results of the reactions carried out over the studied catalytic system, when the amount of PdCl 2 was varied from 0 to 0.283 mmol with a constant ratio of Fe, I 2 and Py (Fe:I 2 :Py = 8.9:0.39:6.2 mmol), are presented in Table 1 , Entry 3-9.
An increase in the Pd amount of the catalytic system from 0 mmol to 0.056 mmol results in an increase in the nitrobenzene conversion from 2 % to 34 %. Turnover frequency (TOF) for the nitrobenzene conversion (TOF Nbz) rises as well and reaches a maximum value of 655 mol/mol.h when the amount of palladium equals 0.056 mmol. However, the main product is aniline (8 %) while carbamate makes only 3 %. The combined amount of aniline and carbamate equals only 35 % of converted nitrobenzene, the remaining percentage being unidentified products. Upon a further increase in Pd amount up to 0.283 mmol, the nitrobenzene conversion reached 73 % and TOF Nbz increased to 278 mol/mol.h. The reaction selectivity improved as well: the aniline yield decreased to 5 % and the carbamate yield increased to 51 %.
TOF for the production of carbamate (TOF EPC) increases with the rise of Pd amount and reaches a maximum at 0.169 mmol of Pd with an EPC yield of a mere 38 %. When Pd concentration in the system was increased further, a decrease in TOF EPC and an increase in EPC yield up to 49 % for 0.226 mmol of Pd were observed. Upon an increase in the Pd amount to 0.283 mmol the carbamate yield is almost constant (51 %) and the carbamate to aniline molar ratio is 10:1. The maximum TOF EPC was obtained for I 2 /Pd molar ratio = 2.3.
The aniline yield is high for the small amount of Pd in the system, but drops as the Pd amount increases. When the Pd concentration is 0.028 and 0.056 mmol, the amount of aniline is higher than that of the carbamate. These results were obtained for catalyst components molar ratio Pd:I 2 = 1:14 and 1:7 respectively. However, when the Pd amount was higher than 0.113 mmol (Pd:I 2 molar ratio = 1:3.5) the reaction selectivity increased and the aniline yield dropped to 5 % and was constant for higher Pd concentrations in the catalytic system.
The effect of iron
In a standard reaction of nitrobenzene carbonylation over the catalytic system without iron, the conversion of nitrobenzene decreased drastically from 87 % to 7 %. The product was composed of only 5 % of carbamate and 2 % of aniline. The ratio of carbamate to aniline is 2.5:1 demonstrating a low reaction selectivity ( Table 2 The effect of the amount of iron on reductive nitrobenzene carbonylation at a constant PdCl 2 /I 2 /Py concentration.
As iron powder was replaced by iron wire, both the nitrobenzene conversion (from 87 % to 71 %) and EPC yield (from 80 % to 62 %) dropped (Table 2, Entry 3).
Reactions of nitrobenzene carbonylation were carried out over the catalytic systems with varied Fe amount from 0 to 2.7 mmol, but with constant amounts of other components (Table 2 , Entry 4-9). It was observed that an increase in the Fe amount in the catalytic system from 0 to 2 mmol, triggered an increase in both the conversion of nitrobenzene and in the yield of carbamate of 17 % and 14 %, respectively. The yield of aniline, however, changed only to 2 %. TOF Nbz increased from 19 to 328 mol Nbz/mol Pd.h, whereas TOF EPC changed from 9 to 270 mol EPC/mol Pd.h.
Adding an even larger amount of Fe (2.7 mmol) had no influence on the reaction yield and product composition or on the TOF values. The highest quantities of Fe in the catalytic system (2 or 2.7 mmol) which correspond to Fe:Pd molar ratios of 36 and 48, respectively, maintained a constant conversion and EPC yield (17 % and 14 %, respectively).
The effect of iodine
In a standard reaction over PdCl 2 /Fe/Py catalyst without iodine, only 22 % of the nitrobenzene was converted, and a relatively small amount of aniline was obtained ( The carbamate:aniline ratio was somewhat higher than in the standard reaction (14:1 versus 13:1 ) (Table 3, Entry 1). A number of unidentified products were found as well. Table 3 , Entries 3-9 illustrate the influence the varying amounts of iodine in the catalytic system had on the nitrobenzene carbonylation (iodine ranging from 0 to 1.97 mmol while maintaining the amounts of the other components constant). For small amounts of iodine in the concentration range 0.04-0.79 mmol corresponding to I 2 /Pd ratios 0.7-14 an increase in the nitrobenzene conversion from 16 % to 24 % was observed. TOF Nbz increases from 308 to 470 mol Nbz/mol Pd.h. Further increases in iodine amount up to 1.97 mmol (I 2 /Pd molar ratio = 35), in contrast, result in a decrease in the nitrobenzene conversion to 14 % and TOF Nbz also drops to 268 mol Nbz/mol Pd.h.
The carbamate yield reaches maximum values (10 % and 14 %) when iodine concentrations in the catalytic system are low (0.04 and 0.12 mol, respectively), which correspond to I 2 /Pd molar ratios of 0.7 and 2.1. For I 2 /Pd molar ratio higher than 2.1, the carbamate yield drops, At a ratio of I 2 /Pd = 35, only traces of carbamate are produced in the reaction. Comparatively, with decreased carbamate yields, the reaction selectivity drops as the amount of aniline by-product becomes greater. For the molar ratio I 2 /Pd higher than seven, there is more aniline than carbamate in the products and about half of the converted nitrobenzene reveals unknown products.
The effect of amine
In the post-reaction mixture, unreacted aniline is always detected. The authors decided to check if pyridine in the catalytic system could be replaced by amine produced in the reaction. The elimination of pyridine would decrease the number of components in the reaction products. Hence, the nitrobenzene carbonylation was carried out over catalyst without pyridine. The results of these reactions are shown in Table 4 Nitrobenzene conversion over catalyst without pyridine decreased slightly from 87 % to 82 %, the yield of nitrobenzene carbonylation was lower (80 % versus 60 %), and the aniline amount increased (Table 4 , Entry 1, 2). Replacement of pyridine in the catalytic system by aniline with the same molar quantity caused a decrease in catalytic activity. Furthermore, the molar ratio of aniline to carbamate was higher (1:13 for pyridine versus 1:8 in aniline) ( Table 4 , Entry 3).
Discussion
The effect of palladium
The results presented above indicate that the ratio of I 2 /Pd, affects both the activity and selectivity of the investigated catalytic system. When the I 2 /Pd molar ratio is 2.3 or smaller, the catalytic system exhibits high activity and selectivity. When the Pd amount is smaller and, consequently, the I 2 /Pd ratio increases, a gradual decrease in EPC yield is observed and for a molar ratio of 14, no EPC is formed.
These results suggest that the catalyst system with I 2 /Pd ratios smaller than 2.3 is rich in active centers inducing the carbonylation reaction, whereas at higher ratios active centers catalyzing the reduction of nitrobenzene dominate.
The effect of iron
It is generally accepted that iron is an oxidizing agent, which is able to oxidize palladium (0) to palladium (2+) in redox-type catalytic cycles in the carbonylation of nitrobenzene [2] . The oxidation states of iron participating in these cycles are still discussed and have not yet been clearly established.
This oxidation-reduction cycle should be stoichiometric, in which the total Pd, which was introduced to the catalytic system, should participate. However, this requires the presence of an appropriate amount of iron. Hence, when less iron is present in the system, only part of Pd can be used in the redox reaction. This results in a reduction of the concentration of the active centers. Excess iron, in turn, does not participate in the reaction and has no influence on the yield and product composition. The optimal Fe/Pd molar ratio has been shown to be 36:1. Iron, which participates in the redox reaction, is assumed to be introduced into the reaction medium through a reaction with the involvement of iodine, as it is capable of oxidizing Fe ions on the surface are more accessible to reacting molecules. This effect was observed when iron wire was used instead of iron powder. The results showed that the optimal Fe/Pd molar ratio is correct for iron used in the shape of a powder. This ratio is definitely different when the iron with a different specific surface (surface to volume ratio) is used. A higher amount of Fe contributes to the creation of additional active centers for the nitrobenzene carbonylation.
The effect of iodine
As for iodine, the carbonylation yield decreases when the amount of iodine is lowered and the composition of the catalyst differs from the optimal I 2 /Pd ratio (2.3 or lower). However, the excess of iodine results in a relatively high nitrobenzene conversion associated with an increase in aniline production and a decrease in carbamate yield. As it was shown above, carbamate is produced on the palladium-containing centers. A decrease in carbamate yield in the presence of excess iodine indicates that the active centers are poisoned. Perhaps, a production of new Pd complexes, in which the excess iodine is complexing, occurs. It may block the coordination of the reacting nitrobenzene or CO resulting in the conversion of nitrobenzene to aniline and other unidentified products. In accordance with the results obtained, the formation of unidentified products is connected with iodine excess as it was already described. This is in sharp contrast to the observation that the excess of neither iron nor palladium alters product composition.
The effect of amine
The authors' investigations used an excess of pyridine in their study, which ensure that it had the same influence on the catalytic system regardless of the changes in the quantity of the other components in the catalyst system.
As described in previous papers, the PdCl 2 /Fe/I 2 /Py, Pd black /Fe/I 2 /Py and Py 2 PdCl 2 /Fe/I 2 /Py catalytic systems exhibited the same activity in nitrobenzene carbonylation [14, 17] ; however, the system PdCl 2 /Fe/I 2 showed lower activity and selectivity (Table 4 ). The addition of 5 mmol of aniline to the PdCl 2 /Fe/I 2 /Py catalytic system resulted in increases in both the reaction rate and carbamate yield [15] . However, when the PdCl 2 /Fe/I 2 /An catalytic system (with pyridine replaced by aniline) was applied, the carbamate yield decreased. It allows assumptions that Py 2 PdCl 2 is an active intermediate in the carbonylation reaction, and pyridine is an ideal ligand in the formation of this intermediate complex. Apparently, pyridine is a better complexing agent able to activate the catalytic centers responsible for carbamate formation.
Reaction of Pd and Fe with iodine under carbonylation reaction conditions
To explain the role of palladium and iron in the investigated system, Pd black and iron reacted with iodine in ethanol at 180 Literature data indicates two reactions in which iron compounds oxidize metals according to reaction (2) [18] and reaction (3) [2] .
F eI 2 + 2M + 5CO → 2M I + F e(CO) 5 (2) M = Ag, Cu and others metals 2F e
Thus we should consider these two reactions. Although information for palladium taking part in reaction (2) was not presented, it is reasonable to assume that palladium can participate in the transformation according to Scheme 1.
Scheme 1
Reaction (3) could run only after the well-known reaction of palladium halogen complexes with aniline occured according to reaction (4) [19] . Then FeCl 2 formed in reacting with HX reducing nitrobenzene to give aniline and FeCl 3 , according to reaction (5) [2] . 
5 Conclusion
(1) The results obtained indicate that the amount of active centers generated in our catalyst system depends on the amount of introduced Pd. The quantity of other components is a function of Pd present in the catalyst system. In the case of lower component ratios (I 2 /Pd<1 and Fe/Pd<36), only a part of the introduced Pd is used for production of new active centers. Excess iron has no negative influence on the activity and selectivity of the catalytic system, while excess iodine causes a decrease in carbamate yield and a simultaneous increase in the amount of aniline. (2) Findings show that only a fraction of iron introduced into the system either as iron powder or iron wire participates in the reaction. An optimal Fe/Pd ratio of 36 was established when the iron powder was used. The greater the specific surface (surface to volume ratio), the greater amount of iron is solubilized which takes part in the development of active centers. This indicates that when finer particles are used in the reaction, the optimal Fe/Pd ratio is lower.
